In this paper, we present novel mechanisms for tuning and controlling the response of novel plasmonic filter using metal-insulator-metal (MIM) configuration. These mechanisms allow for full control on the transmission response from these waveguide based structures. This control can be done electrically or mechanically. The applications and advantages of these novel schemes are discussed in details. Wideband tuning range has been obtained using these schemes.
Introduction
Plasmonics waveguides have shown unique advantage to guide the light while confined in subwavelength area. This unique advantage makes the plasmonics waveguide attractive candidate for various applications. These applications include high density integration for optical interconnects, on-chip biosensing, and nonlinear applications.
Among various plasmonics waveguides, metal-insulator metal (MIM) is considered as a suitable candidates for the aforementioned applications. The 3D version of this configuration is the plasmonic slot waveguide (PSW) as shown in Fig.1 .
This waveguide configuration has been utilized in various proposed configurations to attain different filter responses. However practical realization of these waveguides is challenging. Moreover, good coupling efficiency to this waveguide with few nanometers gap is the bottleneck of using such waveguides. Recently, a novel coupling mechanism is proposed, fabricated and tested with more than 70% coupling efficiency [1] , [2] .
This novel coupling mechanism provides a suitable solution for accessing and fabricating these waveguides and integrates it with silicon waveguides on the same substrate. This opens the door for various applications that can be obtained using a mesh or interleaved networks of these waveguides. These networks have been recently utilized to obtain various functionalities [3] , [4] . Most of these functionalities are, however, passive applications. In general tuning or modulating the response of MIM based structures are challenging.
Optical tunable filters have a wide range of applications in sensing and communication systems. The advantages of having wide tunable range can be used in tunable laser, channel monitoring, optical switching, and wavelength division multiplexing/ demultiplexing. Quick and accurate tunability is also required in many biomedical diagnoses, such as optical coherence tomography (OCT) [5] . In general, tunable filters can be used in Biochemical Analysis of Human's Fluids [6] . Furthermore, tunable filter can be used in monitoring and administrating communication channels. Increasing the capacity of optical networks can be achieved using wavelength division Multiplexing (WDM). Using WDM, high bit rate and large number of communication channels can be accomplished [7] . Narrow band, wide tuning range optical filters are key components in WDM. Tunable filters manage us to use single small device to be able to switch between different channels in the demultiplexres [8] .
In addition, due to the high capacity transmission of optical communication systems, the optical switches are considered as good solution of the electronic switches speed limitation [9] . Optical switches main advantage is its ability to route the signals without the need of electronic conversion which leads to independence on data rate and protocols. By this way, the switching speed is increased which results in increasing network throughput, and the needed network equipment are decreased leading to decreasing the overall operating power. Easy, accurate, and fast tuning mechanisms are required for aforementioned applications.
Even though plasmonic devices provide excellent confinement and high density integration, obtaining the aforementioned applications using plasmonics devices are highly challenging. For example plasmonics switching mechanism has been proposed using electro optic effect as shown in [13] , [14] . These designs are based on ring resonator in which the output response depends mainly on the coupling between the ring and adjacent waveguide. The range of tunabilty is very small. The fabrication process of narrow coupling gaps between the ring and the waveguide is very critical and may lead to significant size variation. Other complicated plasmonic switching technique is proposed in [16] which based on Molecular Machine-Au Nanodisk. Besides, some other switching techniques based on MachZehnder interferometer [17] , and five-layer plasmonic waveguide [18] are proposed. However, these devices lack the ability of movement and mechanical tuning.
The ability to provide tunable filter using plasmonics is however more changeling than optical switching especially if wide tunable range is required. Few methodologies for tunable plasmonics circuits have been proposed. As reported in [19] , thermal tuning can be used in sub-wavelength bandstop plasmonic filters. In addition, tuning mechanism using liquid crystal waveguide is proposed in [20] . Other filtering techniques are proposed in [21] , [22] ; however, these techniques lack the ability of tuning in easy and accurate manner
In this paper we propose a novel device that can be easily tuned using a simple mechanism to control and tune its response. This structure lends itself to different tunable approaches. A possible tuning mechanism is through micro/Nano electromechanical systems (MEMS/NEMS). In this mechanism an inline resonance filter is utilized with tunable dimensions. Varying the length of the resonator is done through mechanical motion. A wide tunable range can be obtained by changing the resonator dimensions. Another approach for tuning can be done through electro-optic effect by changing the refractive index inside the slot.
These approaches for tunability open the door for wide range of applications such as tunable filters, tunable lasers, spectrum analyzer, and biosensing.
MIM Optical Resonator
A simple design of an inline optical Fabry-Perot resonator is shown in Fig. 2 . The transverse metal sides' acts like mirrors or reflectors for the resonator. Controlling the gap width W 1 and W 2 allows for controlling the value of the reflectivity of the mirror. The output resonance response of the filter is controlled by the dimension of the resonance. The resonance condition of the filter is given by:
where n eff is the effective index inside the resonator, r λ is the resonance peak wavelength and L is the resonator length. Fig.2 . Schematic of the tunable plasmonic filter Thus, the resonance condition depends on the length of the resonator L and the effective index n eff . Controlling these parameters allow for full control on the resonance wavelength and provide full tuning ability of the structure.
Tuning Mechanism
Tuning the wavelength is required to satisfy a broad range of filtering applications to get the desired signal. A reconfigurable highly selective filter is considered as a main challenge in many optical applications. Easy, simple, and high effective tuning methods are discussed in the next few lines to provide a simple mechanism to get the desired wavelength. From equation (1), we can see that the resonance wavelength can be controlled by changing the cavity length or the effective index. The cavity length can be changed mechanically. However, the effective index can be changed either mechanically or electro-optically.
Mechanical Tuning

Controlling the cavity length
Tunability can be achieved by changing the optical path length; then, the round trip of the optical cavity can be controlled. By tuning the cavity length, we can manage the wavelength of the output signal. Controlling the resonator length can be achieved by moving the transverse metal sides of the filter shown in Fig.2 . MEMS/NEMS can be used to move these metal sides forward and backward to get the desired response. The narrow bandwidth of the output signal gives us the ability to fine tune this filter to have the output peak power at adjacent wavelengths with high accuracy. In addition, the ease of changing the output wavelength provides wide range of tunability. By changing the length of the filter (L) from 0.5 µm to 1 µm, we can get the resonance peak at different wavelengths as shown in Fig.3 . 
Controlling the cavity width
In addition to changing the optical path length by changing the cavity length, we can change it by controlling the effective index inside the resonator cavity. As we stated before, the effective index can be controlled mechanically or electro-optically. Changing the effective index mechanically can be done by changing the cavity width. Moving a rectangular metal inside the filter cavity upward and downward is able to control the effective index of the dielectric core and hence, the output wavelength. By changing the width of the cavity (W) from 50nm to 250nm, we can get the resonance peak at different wavelengths as shown in Fig.4 . 
Electrical Tuning
In addition to controlling the effective index mechanically, we can control it electrically by applying an electric field to the dielectric core [10] , [11] . By applying a voltage difference between the two metal plates of the filter, the value of the applied electric field can be changed and consequently the effective index. Electrically injecting electrons and holes in the dielectric core using embedded p-i-n junction is an effective way to change the core effective index [10] . By changing the effective index from 1 to 2, resonance peak can be tuned as shown in Fig.5 . Moreover, this filter can be used in biomedical sensing. By changing the dielectric material inside the filter, the index will change resulting in changing the resonance wavelength.
Discussion
Many applications have been empowered from the properties of surface plasmon polarities waveguides due to the ability to confine the light at subwavelength scale. On chip interconnects, biomedical sensors, wavelength multiplexers/ demultiplexers , optical switches, and a lot of other photonic applications are wavelength dependent and need kind of wavelength filtering. For the purpose of minimization, integration is needed with high efficiency and good accuracy. Tunable filter can be the appropriate solution for wavelength selectivity. In this paper, we proposed a design of a nano-tunable filter that provides wide range of wavelength selectivity using simple mechanisms. This filter consists of dielectric core sandwiched between two metal layers. By changing the filter dimensions or the dielectric effective index, the resonance wavelength can be controlled. Mechanically, we can control the length of the filter by adjusting the position of the movable plate (1) as shown in Fig.6 . Furthermore, we can move both metal plates (1) and (2) relative to each other in order to get a broad range of Normalized Transmission selected resonance wavelengths. Adjusting the length has a direct impact on the filer output as illustrated before in Fig.3 . From Fig.7 , we can see the proportional relation between the resonance wavelength and the cavity length. Besides the horizontal movement, we can add a vertical movement to change the filter width as shown in Fig.8 . As a consequence, the effective index of the dielectric core of the filter will change resulting in changing the position of the output peak as discussed in Fig.4 . In addition to the mechanical controlling, the electro-optical controlling can be used in changing the effective index of the dielectric core. As we can see in Fig.9 , by changing the applied electric volt, the effective index can be tuned easily and accurately. There are different methods to adjust the effective index using electric field, for example Pockels effect, and Kerr effect . In the Pockels effect method, the refractive index is linearly proportional to the strength of the applied electric field. In Kerr effect method, the refractive index is proportional to the square of the applied electric field [12] . The aforementioned simple and easy mechanisms to control the resonance frequency of the filter open the door for many plasmonic applications. 
Conclusions
A novel tunable filter design to control the transmission response is proposed. Tuning the resonance wavelength can be achieved mechanically by changing the cavity length or the cavity width, or electro optically by applying an electric field to the dielectric inside the filter. This ability to tune the resonance wavelength is very attractive to many optical applications.
